Aims: To determine the pharmacokinetics of moxifloxacin, a new generation fluoroquinolone, in the anterior chamber of the human uninflamed eye. Methods: 35 patients undergoing cataract surgery received two doses of 400 mg of oral moxifloxacin with a 12 hour interval and were divided into six groups. Moxifloxacin levels in aqueous humour and serum were determined by a microbiological agar well diffusion technique at 2, 4, 6, 8, 10, and 12 hours after the second dose in each group respectively. Results: Mean moxifloxacin levels in the anterior chamber were 1.20 (SD 0.35) mg/ml at the 2 hours group, 1.22 (0.48) mg/ml at the 4 hours group, 1.20 (0.45) mg/ml at the 6 hours group, 1.58 (0.38) mg/ ml at the 8 hours group, 1.37 (0.44) mg/ml at the 10 hours group, and 1.23 (0.55) mg/ml at the 12 hours group. The mean ratio of aqueous to serum moxifloxacin level was 38%. Conclusion: Moxifloxacin penetrates well into the anterior chamber of the human uninflamed eye after oral administration, reaching early significant levels, which are maintained for at least 12 hours and are much higher than the MIC 90 values of Gram positive and Gram negative pathogens commonly implicated in intraocular infections with the exceptions of fluoroquinolone resistant staphylococci, MRSA, and Pseudomonas aeruginosa.
B
acterial endophthalmitis is one of the most serious complications following intraocular operations and penetrating ocular trauma. In the first setting the commonest micro-organisms involved are either Gram positive (Staphylococcus epidermidis, Staphylococcus aureus, streptococci, Propionibacterium acnes) or Gram negative (Pseudomonas aeruginosa, Haemophilus influenza, and Serratia marcescens) while in post-traumatic endophthalmitis there is significant involvement of Bacillus cereus and Staphylococcus aureus. Systemically administered antibiotics have to penetrate the existing blood-ocular barriers in order to reach therapeutic intraocular levels. Although there is evidence from studies in humans and rabbits that intraocular penetration of systemic antibiotics is higher in inflamed eyes, [2] [3] [4] there are other facts complicating this issue. Most of the antibiotics used have to be administered intravenously at frequent intervals, thus requiring hospitalisation for many days and increasing patient discomfort. Emerging antibiotic resistance of bacterial endophthalmitis strains is another fact complicating prevention or treatment of intraocular imfections, 5 6 because it compromises the need of an antibiotic to reach levels in the anterior chamber much higher than the minimal inhibitory concentrations (MICs) in order to eliminate the microorganisms potentially inoculated during surgery. Among previously studied systemic antibiotics, fluoroquinolones and, in particular ciprofloxacin, ofloxacin, and levofloxacin (all of which can be administered orally), have been found to have significant penetration into aqueous humour and less so into the vitreous body, with concentrations usually exceeding MICs of pathogens implicated in intraocular infections. [7] [8] [9] Ciprofloxacin and ofloxacin are second generation fluoroquinolones while levofloxacin comprises the third generation of these drugs.
The aim of our study was to determine the ocular penetration of moxifloxacin, a new fourth generation fluoroquinolone. We measured moxifloxacin levels in the anterior chamber of human uninflamed eyes after oral administration at different time intervals after the last dose, studying also the rate through time of antibiotic decay.
PATIENTS AND METHODS
Thirty five patients, scheduled to undergo routine cataract surgery in ''Laiko'' General Hospital of Athens, participated in this study. The study was approved by the hospital ethics committee and all patients gave written informed consent. None of the participants had any history or evidence of intraocular inflammation, hepatic or renal failure, or history of allergic reactions to fluoroquinolones. None was on any oral or topical antibiotic treatment for at least the preceding 2 weeks and none had a previous operation in the eye to be operated.
All patients received two 400 mg doses of oral moxifloxacin (Avelox, Bayer) with a 12 hour interval between them. Patients were randomly allocated into six groups (groups 1-6) and anterior chamber samples were taken 2, 4, 6, 8, 10, and 12 hours after the second dose for each one of the groups, respectively. Each group comprised six patients except from group 3, which comprised five patients. Participants were scheduled to have either extracapsular cataract extraction or phacoemulsification according to the surgeon's preference. After peribulbar or retrobulbar anaesthesia and while the patient was prepared for the operation, 5 ml of blood were obtained for serum level determination. Periocular skin was scrubbed with 5% povidone-iodine solution and an adherent window drape was applied. After insertion of a speculum, a 27 gauge needle attached to a 1 ml syringe was introduced into the anterior chamber through a partial thickness limbal incision and 0.1 ml of aqueous humour was aspirated.
Blood samples were centrifuged immediately afterwards and serum and aqueous samples were stored at 270˚C. They were kept frozen until the time of analysis, which was in all Abbreviations: MIC, minimal inhibitory concentration; MRSA, methicillin resistant Staphylococcus aureus cases within 4 weeks of sampling. Antibiotic level assays were performed using a microbiological agar well diffusion technique 10 using Mueller-Hinton agar test as medium and B subtilis ATCC 6633 as indicator micro-organism. High performance liquid chromatography (HPLC) which is nowadays widely used as a method of choice to assay drug levels, was not available in our laboratory at the time of the study, but the two dimension microbiological agar well assay used (if well designed and performed) has been proved to be sensitive and in excellent agreement with other techniques (immunological, HPLC).
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RESULTS
Of the 35 participants in this study 14 were male and 21 female. Their age ranged from 50-87 years (mean 73 years). Common underlying systemic diseases included hypertension, diabetes mellitus, hyperlipidaemia, and cardiovascular diseases, all of them well controlled at the time of surgery. In all cases the indication for surgery was visually significant cataract. In only one case was cataract secondary (steroid induced in a patient with scleroderma). Five of the 35 patients had glaucoma that was controlled with only topical medication. Four patients with glaucoma received oral acetazolamide before the operation to lower intraocular pressure further, depending on preoperative measurements. The acetazolamide dose was 250 mg administered orally approximately 2 hours before surgery. The administration of acetazolamide did not seem to affect the penetration of moxifloxacin into the aqueous humour in these patients (data not shown). Diabetes also did not affect the penetration of moxifloxacin and levels achieved were comparable between diabetic (10 patients) and not diabetic patients (data not shown).
There were no side effects from moxifloxacin administration in the patients enrolled in the study.
Moxifloxacin levels in aqueous and serum for all patient groups (expressed as mean values (SD)) are shown in table 1. The average concentration of moxifloxacin in aqueous humour ranged between 1.2 mg/ml (2, 4, 6, and 12 hours after the second dose) and 1.58 mg/ml (8 hours after the second dose). In serum, the average concentration ranged between 2.29 mg/ml (12 hours after the second dose) and 4.86 mg/ml (4 hours after the second dose). Peak concentrations were recorded at 4 hours after the second dose in serum and 8 hours after dosing in aqueous. Figure 1 depicts the mean antibiotic concentrations over time in aqueous and serum. From these data it is evident that moxifloxacin concentrations reach significant levels fairly soon (2 hours) after the last dose of the antibiotic, that remain high during the following hours, showing stability over time. Interpatient variation was greater for serum values than in aqueous humour values, where the results were clustered around the mean for all groups as shown in figure 2. Mean ratio of aqueous humour levels to serum levels was 38%, ranging between 25% (2-4 hours after dosing) and 57% (8 hours after dosing).
DISCUSSION
Moxifloxacin is a new fourth generation fluoroquinolone with a broad spectrum of activity against Gram positive and Serum Figure 1 Mean moxifloxacin levels in aqueous and serum over time. Gram negative micro-organisms. In a recent study moxifloxacin was found to be the most potent fluoroquinolone for Gram positive bacteria (including methicillin resistant Staphylococcus aureus (MRSA) and ciprofloxacin resistant Staphylococcus aureus) and equally potent as other fluoroquinones against Gram negative bacteria, with the exception of P aeruginosa against which ciprofloxacin remains the most potent fluoroquinolone. 13 An advantage of moxifloxacin is its oral administration. Moxifloxacin displays linear pharmacokinetics in blood after a 400 mg dose, with a half life of 8 hours (when administered orally or intravenously). It acts by dual targeting, inhibiting the action of DNA gyrase and topoisomerase IV, resulting in inhibition of bacterial replication and ultimate cell death. Because of this mode of action development of resistant strains among Gram positive cocci is limited, carrying a lower risk of cross resistance with other fluoroquinolones. 14 15 This is particularly important as resistant strains of pathogens to widely used fluoroquinolones in ophthalmology are reported. 5 6 Moxifloxacin levels in the anterior chamber have been studied only once previously in a clinical study, where moxifloxacin levels were measured 10 hours after a single oral dose of 400 mg in 15 patients. 16 The mean aqueous levels at 10 hours were higher than in our study (2.33 mg/ml), though measured with a similar microbiological assay. Another recent study reported serum, aqueous, and vitreous levels of gatifloxacin, another new fourth generation fluoroquinolone (in clinical use in a limited number of countries), after oral administration. 17 Mean levels of gatifloxacin in aqueous humour after two 400 mg doses given 12 hours apart were 1.08 (0.54) mg/ml (3.9 (1.1) hours after the last dose) and 1.34 (0.34) mg/ml in vitreous (4 (1) hour after the last dose). These findings correlate well with results in our study (the aqueous humour levels) and confirm the very good penetration of new fourth generation fluoroquinolones in the human uninflamed eye. It also shows, for the first time in the case of systemically administered antibiotics, similar levels of gatifloxacin in aqueous humour and vitreous body, something that probably needs also to be investigated in the case of moxifloxacin.
This study is the first in the literature (to our knowledge) to access in an adequate number of patients the pharmacokinetics of orally administered moxifloxacin in the anterior chamber of the human, uninflamed eye. It showed that moxifloxacin penetrates well in the anterior chamber, reaching early significant levels soon after the second dose (at 2 hours) and remaining fairly stable for at least 12 hours. These levels were constantly much higher than the MIC 90 of moxifloxacin against pathogens implicated in bacterial endophthalmitis with the exception of fluoroquinone resistant coagulase negative staphylococci, MRSA, and P aeruginosa. 18 19 These MIC 90 values were based on bacterial strains not isolated from endophthalmitis cases 18 19 ; however the median MIC values for bacterial endophthalmitis isolates according to a recent study were comparable. 13 In the later study moxifloxacin was the most potent among all fluoroquinolones tested (ciprofloxacin, ofloxacin, levofloxacin, and gatifloxacin). Moxifloxacin is especially very potent against Gram positive bacteria, which are the cause of the vast majority of cases of endophthalmitis. 20 Median MIC 90 values of moxifloxacin against common pathogens are shown in table 2, where it is evident that the drug exhibits excellent in vitro activity against an array of micro-organisms commonly encountered in bacterial endophthalmitis, except fluoroquinolone resistant Staph aureus. 13 21 Moxifloxacin levels in serum were in agreement with those of previous studies. 14 The median ratio of aqueous to serum levels was 38% and was significantly higher than the values obtained with other fluoroquinolones (15-23% for ciprofloxacin, 7 22 23% for ofloxacin, 23 13-23% for levofloxacin 9 and 21.02% for gatifloxacin 17 depending on the total dose). This finding confirms that moxifloxacin has very good penetration in the aqueous humour through the intact blood-ocular barriers in the uninflamed eye.
The Endophthalmitis Vitrectomy Study showed no benefit of the use of systemic antibiotics in terms of final visual acuity in cases of endophthalmitis after cataract surgery or secondary lens implantation 24 (antibiotics used were ceftazidime and amikacin). In any endophthalmitis case from any cause, as well as in prophylaxis of high risk eyes (for example, trauma), it would be advantageous for an antibiotic to reach such high levels intraocularly and for a sufficient duration of time in order to eliminate the most common pathogens encountered in these cases. New generation fluoroquinolones seem to be first line candidates for that and are favoured because of the convenience of oral administration (although not ideal drugs for the rare cases of pseudomonal infections of the eye).
Prevention of the devastating results of intraocular infections justifies the interest and research in this era. Moxifloxacin, because of its easy way of administration, relative safety compared to other fourth generation quinolones (less QT prolongation, no effect on glycaemic control), 25 26 broad antimicrobial spectrum, and very good penetration into the anterior chamber and steady levels as shown in our study, could be a valuable addition to our armamentarium in the prevention and treatment of bacterial endophthalmitis, and warrants further clinical investigation.
